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The procedure  currently  eqloyed by the mAcA kwis laboratory  in 
m the  design of transpiration-cooled  strubsupparted  turbine  rotor  blades 

is discussed. The strut is the internal bla& supporting meniber and 

Orifices  in  the  blade base, which meter the cooling-air t o  each  internal. 
passage, are used i n  conjunction with a constant chordwise permeability. 
A co~promise variable spanwise permeability is currently employed. 

b a l so  serves to  partition  the  blade  into  separate  cooling-air  passages. 

Details on the design of both the 8th and the porous blade shell 
are included.  Limitations i n  the present  design  procedure are also 
discussed. 

The NACA L e w i s  laboratory made explora tmytes t s  on a transpiration- 
cooled  turbine  rotor  blade i n  a mdified  production  turbo jet engine in 
order to  evaluate  blade design and fabrication lllethods (ref . 1) Since 
the completion of these tests, an additional theoretics study which 
permits  the  design of inq?roved blades wim nude (ref 2). Methods f o r  
determining the local coolast flow required t o  maintain a constant  pre- 
scribed wan temperatee for a transpiration-cooled gas tmbine blade 
ere  presented  in  reference 3. In th i s  reference, only chordwise varia- 
t ions were determined; effects of gas-to-wall  temperature r a t i o  me 
included. A similar investigatfon is re-porteii in reference 4, i n  w h f c b  
temperature-ratio  effects w e r e  accounted f o r  by the use of a correction 
factor. The current deslgn practice is t o  q l o y ,  i n  principle, the 
chordwise methods of reference 3 in conjunction w i t h  the spanwise w i a -  
tions  described i n  reference 2. * 

Porous materials  currently  available fur use in,  transpiration- 
L cooled  turbine blades may not possess  suffictent  strength to withstand 

the high stresses imposed by  the high rotative speeds of the turbine. 
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As a result ,  such blades may r e w e  some internal nonporous bad -  
carryfng meniber, c-only called a strut, t o  which a  porous she l l  i s  
attached,  In  addition t o  serving a8 the blade supporting member, the 
strut also serves as a device for  dividing the  blade  into compartments. 
The 8mouzlt of coolant  flow that passes through the porous wall is  de- 
pendent on the difference in   the squrtres of the  absolute  pressure levels 
on opposite  sides of the  wall, A considerable  pressure  variation  eldsts 
around the exterior of the blade. The division of the blade interior 
into  separate  passages and the use of different-sized  orifices  in  the 
blade base t o  meter the cooling air to   the  various passages minimize- Ql 

both the local  blade  overcooling and the amount of cooling air required 
(ref. 5). When porous materials that can withstand the high streases 
imposed on rotating turbine blades are developed and a blade supporting 
m e r  is no longer required, some kind of sheet-metal  divdder may be 
used to   par t i t ion  the blade interior. 

8 
m 

The present  report  outlines  the methods n m  used by the mACA L e w i s  I 

laboratory  in  the  design of strut-supported  transpiration-cooled  turbine 
rotar  blades. A brief  discussion of the strat design is presented first, 
Following this, far a prescribed shell temperature, the methods of de- 
termining the ideal-coolant-flow  requirements and blade-shell permeabil- 
i t y   a r e  discussed. However, the  fabrication of porous materials has not 
yet reached  the  state where such ideal specifications can always be met, 
and the blade designer may be r e s t r i c t ed   t o  8 shell  permeability differ- 
ent from the  ideal one. Finally, methods currently used t o  determine 
the c o o h t  flow and orifice  sizes for a she l l  of prescribed  permeability 
are discussed. 

Y 

The blade-design  procedure is divided into two parts: (1) the 
design of the stnrt, and (2) the design of the paraus blade  shell. 

Design of Blade Strut 

8truk and shell  materials can be chosen after the blade application 
and  shape are  specified. The allowable stress level  is then determined 
and the strut design established. A nmiber aP fins  are  integral   with 
the s t rd  t o  permit attachment of the porous she l l  and t o  provide a . 

nuuiber of inter&  passages for the c a o ~ ~ n g  air (see fig.  1). 

Strut f in s  and cooling-air  pmsages. - The selection of the nlmiber 
of strut fins,  or of cooling-air  passages,  wends upon several  factors. 
The distance between fins must be  such that the blade shell is suffi- 
ciently s t W  to   dn imize  shell vibrations. Current  design  enploys an 
average external  pressure for each cooling-air  passage at each spanwise L 
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position; keeping the strut fins  close  together minimizes the  external 
pressure  variation  across each  passage and hence resu l t s   in  a more ef- 
f ic ien t  design. The width of the fins must be large enough t o  permit 
the attachment of the shell and small enough so that a minimum of the 
porous surface i s  blocked. 

(D 
w 

8 

The cross  sections of a strut and blade shell are shown i n  figure 1. 
The fins are usually located opposite each other on the two sides of the 
strut; this positioning is made so that  pressure can  be applied t o  one 
blade  surface when she l l  attachment is made on the other without damaging 
the  shell. The cooling-passage areas are usually s e t  up so that the 
area  variation from root t o  t i p  fs l inear with the tip  areas  being 
limited by  the t i p  profile. The overhang of the blade shell a t  the . 
leading and t ra i l ing  sect ions must be designed t o  mfnimfze vibration. 
Furthermore, the shell radii at the leading and t r a i l i ng  edges must be 
of sufficient  size  that  the porous shell w i l l  not crack. 

-. 
Strut  stresses. - In general, a rotating  turbine  blade is subjected 

to  centrifugal,  gas-bending (steady  state an5 vibratory) , and thermal 
stresses. The various spanwise sections of the s t r u t  are d i n e d  so that 
the centers of grav i ty  of these sections fall on a nearly radial line. 
In this way, bending stresses due t o  centrifugal  forces  are minimized. 
In  order t o  par t ia l ly  compensate for  gas-bending stresses, the blade 
may b e   t i l t e d  toward the  suction  side. In this way, t o t a l  bending 
stresses are minimized. Despite  considerable e f f o r t  already applied 
t o   t h e  study of vibratory and thermal stresses  in  turbine blades, the 
mechanisms involved  are so complex that little information on these 
stresses is available. In  air-moled turbine blades, blade shells are 
usually  thin and structures q e  often brazed; both  thin w a l l s  and brazing 
have the effect  of changing the stress-rupture  properties. Moreover, 
after  blade  fabrication,  the stress-rupture properties of the blade 
materials  are  not known. In order t o  account for the ukwwn vibratory 
and thermal stresses, the  effects of braze attack, and other  fabrication 
f l a w s  , b t  is current  practice t o  employ a ssfety  factor lmown as the 
stress-ratio  factor (see ref.  6 )  in cooled-blade  designs. Far a given 
average blade temperature, the stress-ratio  factor at any spanwise blade 
section is  s-ly the   ra t io  of the allowable s t ress  f o r  bar s tock   to  
the centrifugal stress at the section. 

* 

The allowable stress for  the strut metal is determined from a 
stress-rupture curve at a specified temperature and fo r  a specified 
st&-material life.  Typical examples of stress-rupture  curves  for 
bar stock of several.  high-tewerature  alloys are shown Fn figure 2, 
where the stress-rupture for a 100-hour l i fe  is plotted  against  metal 

stress-ratio factor is  a minimum. A method for determining the centrifu- 
gal st ress  along the span of a solid  turbine  blade is given in reference 

temperature. The c r i t i c a l  blade section is that section where the 

Y 7. Modification of equation ( 4 )  in  reference 7 is employed herein. 
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The centriFugal stress at any spanwise location X, w i t h  the blade shell 
considered as dead weight, may be found f r o m  

The symbols are defined i n  the appendix. "he variation i n  the   s t ru t  
centrifugal stress along the blade span can be obtained by use of e-- 
t ion  (1). A stress-ratio  factor at the blaae cr i t ical   sect ion of ap- 
proximately 1.5 t o  2 i s  currently used t o  allow far the unlmown vibratory 
and t h e m  stresses, braze attack, and fabrication f Lave. 

LD 
0 
Q, 
prl 

The original strut design may lead t o  erratic pressure and flow 
distributions imide the vsslom cooling-air  passages.  Alteration8 of 
the strut design (changes i n  the passage  cross-sectional  area  distribu- 
t ions) may then be required. If such alterations are necessary, the 
altered s t r u t  design w i l l  have to be stress-checked  again. 

Design of Blade Shell 

The steps i n  the design  calculation of a transpiration-cooled  blade 
shell w i t h  prescribed chordwise and spanvise  variations i n  shelltempera- 
ture are: (1) the  determination of the gas velocity relative t o  the 
blade and the pressure distribution around the blade; (2) the  calculation 
of the local  required cooling-air flow pv necessary t o  maintain the 
prescribed w e L 1  temperature3 (3) the  calculation of the spanwfse varia- 
t ion  of the  static  pressure of the cooling air in each Internal  cooling- 
air passwe; and ( 4 )  the determination, f o r  a selected  type of porous- 
shell material, .of the  required spaarise variation  in  shell  permeability 
for  each cooling-air  passage. These calculations result in  so-called 
ideal values and, i n  general,  specify  both chordwise and spanwise per- 
meability  variations. Each of the above mentioned steps is discussed 
i n  detail, subsequently. 

Gas velocity and pressure  distributions around blade. - The chord- 
wise and spanwise variations  in the ve loc i ty  and pressure of the engine 
gases around the turbine  blade must be determined either from theory o r  
experiment. These distributions depend.zrpon the engine f l igh t  and 
operating  conditions and the turbine geometry. Graphical two-dimensiorml 
stream-filament  theories for  predicting these distributions f o r  imper- 
meable blades i n  the cascade row are given in  references 8 and 9. Lack t 

of experimental data on the effects  of flaw through a porous w a l l  on 
the main-stream-flow Conditions makes it necessary t o  use these  theories 
i n  the current  design of permeable blades;  experimnts on these  effects 

.1 
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ere  required.  Typical examples of these chordwise iiistributions,  calcu- 
la ted by the method of reference 8, are shown in figure 3. 

1 

Local ideal  coaling-air flow. - The spanwise variation in local  
ideal  cooling-air flow pv for each cooling-air  passage depends upon 
the local values of effective gas temperEtture, cooling-air  temperature, 
gas  pressure around the blade, gas velocity  relative  to  the  blade, and 
the  prescribed  shell tenqerature; it is independent of cooling-air  supply 
pressure and shell  permeability. The determination of the  local  values 
of pv is discussed in   detai l   in   reference 3, and only  a  brief  outline 
w i l l  be  given  herein. 

The transit ion  points from laminar to turbulent flow in  the  external-  
gas stream  are  taken  as  the  points of minimum pressure on the blade pres- 
sure and suction  surfaces. Over the portfon of the blade surface having 
lamina flow, the  exact  solutions of the laminar-boundary-layer  equations 

perature  (refs. 10 t o  1 2 )  are used t o  determine the  local  coolant flows. 
For the  turbulent-flow  region,  the Rannie-Zkiedman theory  (refs. 13 and 
14) f o r  flaw over a permeable f la t  plate  is used. These theories w i l l  
be sketched briefly,  and the adequacy of each w i l l  be discussed in the 
section D[ESIGE IJMITATIONS. 

n for  wedge-type flaw  with  transpiration  cooling and a  constant  wall tem- 

I 

The  spanw;se variation  in  effective gas t eqe ra tu re  Tg for each 
cooling-air passage; must be  found either from temperature measurements 
of impermeable blades or by estimating the value of the  recovery  factor 
(ref. 3). The ra t e  of heat  adation  to  the  coolant on its way through 
the flow passages is  usually  not w e l l  Imm and has t o  be  estimated 
(ref. 2)'. An assumed spanwise variation  in  the  coolant  temperature i s  
therefore  necessary. 

Lamlnar flow: Since  the w a l l  temperature -is prescribed,  the value 

of the  temperature  parameter 1 - CP 

Euler nuuiber Efu = 2 - is found from the chordwise gas-velocity  distri- 
butions  previously determined, y being the peripheral chordwise distance 

blade  surface  (see fig. 4). In figure 5, resul ts  of the wedge-type lami- 
nar boundary-layer solutions are plotted as (1 - q )  against  the  coolant- 
flaw parameter -fwj with N e r  nmiber Eu and the  temperature r a t io  
T$Tw known, the  value of -fw . may be found from the  figure The 
parameter -fw is given in turn as (see ref.  3) 

Tw - Tc 

Tg - Tc 
may be determined. The 

dW 
w dY 

.. from the blade leading edge t o  the  point under consideration on either 

* 
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where v is the  cooling-air  ejection velocity at the porous w a l l  based 
on porous-surf  ace area  (not orous flaw mea) . The gas Reynold8 nuniber 
Re = Pw/cL, density p = peTm, and viscosity p are based on the 
prescribed w a l l  temperature T,. Hence the  local  cooling-air flow is 

PV = P 2 
- 
6 

It may be mentioned here  that  the use of the w a l l  temperature rather  8 
than  the  effective gas temperature in the  evaluation of the cooling-air m 
density and viscosity is based on judgment rather than experience, i n  
the absence of conclusive  experimental data. 

M 

The preceding pr.ocedure may also be mea for  the  cooling-air  passage 
supplying the blade  leading edge (stagnation  point), which fs considered 
t o  be in the laminar  region,  with the following modifications. A t  the 
stagnation  point,  the Eu le r  n m h r  Eu iB unity, and for a circular 
cylinder of d i m t e r  D the  velocity  near the stagnation  point is given 
approximately  by (ref. 15) 

W = 3.63 U 8 (4) 

where U is the upstream-approach gas  velocity. As an approximation, 
equation (4) m y  be used for the leading edge of we turbine blade if 
twice  the  leading edge radius is substituted fo r  D. Sub6tituting 
equation ( 4 )  and Eu = 1 into  equation (3) gives 

as the  required  cooling-air flow fo r  the leading-edge passage. Here the 
Reynolds number R% is given  by R q )  = pUD/p, with  density p and 
viscosity p based on the  prescribed w a l l  temperature as before. 

Turbulent f low: The cooling-air flaw pv necessary t o  maintain a 
prescribed w a l l  temperature fo r  a f lat  p l a t e   i n  turbulent-flow  transpir- 
ation  cooling depends on the  local  values of 1 - q ,  gas Reynolds nuniber 
Re, Prandtl nuuiber Pr, and viscosity p. The expression for pv taken 
from reference 16, with  the  modification that gas properties  are based 
on w a l l  temperature rather  than gas temperature, i s  . 
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Equation (6) is used to  calculate the spanwise distribution of cooling- 

region of the blade. 
I air flow pv f o r  those  coolant  passages lying in  the  turbulent-flaw 

Spanwise variation in  cooling-air  pressure  in  internal  blade  pas- 
sages. - The spanwise variation  in  the  cooling-air  pressure  in each of 
the  blade  coolant  passages is calculated,  with  the  use of the  theory 
given in reference 2. I n  order t o  apply  this  theory,  the  coolant- 
passage geometry, the spanwise vmiation  in  coollng-air f low pv, and 
the spanwise variation of cooling-air  static  temperature Tc must be 

known for  each  passage. With an assumed variation  in  cooling-air tem- 
perature, it is necessary t o  solve  simultaneously  the  following  pair of 
e quat ions : 

w co 
0 
UI 

The need f o r  an assmrption of a spanwise variation  in  cmling-air  tem- 
perature  could be eliminated and the  actual  variation  calculated If the 
appropriate  energy  equation were solved  simultaneously  with  equations 
(7) and (8). This would make the  calculation  considerably more tedious, 
In view  of t h i s  and of the  various  assumptions  required  for  the  applica- 
t ion of other   theoret ical   analpes   to  the blade design, the  sfmpler 
method, as presented  in  reference 2, w a s  employed. 

The method of reference 2 includes  the ef’fect of f lu id   f r ic t ion  
forces,  centrifugal  forces, and change of momentum on the flow of cooling 
air in  each  passage. The theory is  applicable  one-dimensionally i n  a 
spanwise direction. €fence the  values of the various  quantitfes  involved 
me taken  each as an  average  over the chordwise  width of each passage a t  
every spanwise location. The fr ic t ion  factor  f for  turbulent flow 
through impermeable tubes is used in  the absence of f r ic t ion  data  f o r  
flow through permeable  tribes. 

With the  vwiations of the  quantities b and pv  known in  the 
spanwise direction,  equation (7) may be integrated  directly  in  order t o  
f ind the variation of coolant weight flow w with  distance x: 
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w = w t  + b(pv) J: 
where wt is a prescribed  coolant w e i g h t  flow  leaving  the  passage a t  
the   t ip .  For passages  ending  blindly, w t  is zero. Since the  variation 

d (w/& 1 
of w with x is known, the variation of the gradient dx with 
x may be found from the   re la t ion 

since  the  variation of the passage  cross-sectional area A, with x i s  
assumed t o  be known. For a strut design  with a cooling-air  passage 
having a lwge  negative spanwise gradient  in flow area dAc/dx, there 

exis ts   the   possibi l i ty  of the padien t  a(w/Ac) changing sign along the 

blade span (ea. (10)). This w o u l d  result i n  an e r r a t i c  curve of w/A, 
against x, which wo+ mean eccentric  velocity and pressure  distribu- 
t ions   in  the coolant passage. This is spparent if the  coolant-flow Mach 
number is expressed. i n  'terms of x/& and the  pressure p i  as 

dx 

W 

To eliminate such undesirable  effects, it might be necessary t o  modify 
the  strut   design  in  order  to reduce the  large spanwise gradients  in 
passwe mea. 

All quantities  in  equation (8) are then known with  the  exception 
of the  coaling-air  static  pressure pi;  s o  a numerical  solution of 
equation (8) may be applied t o  flnd pi as a function of x, when a 
boundary value P i , r  of p i   a t   t h e  paasage entrance (x = 0) is pre- 
scribed. This boundary value pi,r must be chosen sufficiently  large 
so that  the  resulting  calculated  internal  pressure pi i 6  g e a t e r  than 
the external gas pressure Pe at each spanwise posi t ion  in  order t o  
ensure  ejection of cooling a i r  through the porous wall. For radial pas- 
sages, p = 0 and r s rr + x i n  equation (8). 

Ln 
0 
(TI 
M 
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Required  spanwise variation  in  shell  permeability. - With the span- 
wise variations of cooling-qir flow pv, gas pressure pe, and cooling- 
sir pressure p i  knawn f o r  each cooling-air  passage,  the  permeability 
of the porous w a l l  of each  passage must m y  spanwise i n  such  a manner 
that  the  required pv is obtained w i t h  the  given  pressures pi and 
Pe 

For several  types of porous shell materials, the correlation between 
cooling-air f l o w  pv knd the  pressures 'pi and pe is well approxi- 
mated by  an equation of the form 

over a f a i r l y  wide range of flow (ref. 2) . The value of the exponent 

material;  the  value of CE; is a function of material  permeability and 
thlckness, and of cooling-air  properties  based on the porous-wall tem- 
perature.  Since the spanwise dfstribuLions of pv, pi, and  pe are 
known, equation (12) may be used t o  calculate  the  required spanwise 
variation  in  the value of CK f o r  each  passage. Then the  required 
spanwise variation  in  the  ratio of shell  permeability t o  thickness K/% 
may be determined from the  values of % since tbe porous wall temgera- 
ture ie known. For a typical  sintered material, for  w h i c h  n = 2/3, 

c n is determined empirically and is a function of' the type of porous 

" 

For a typical  wire-cloth materia, .-f6Fwhich n = 5/8, 

necessary compromises in  specification of shell  permeability. - The 
preceding methods yield  the  ideal values necessary t o  maintaln a prescribed 
blade-shell  temperature. Although variations  in  the shell temperature 
may be prescribed, it is current  practice t o  prescribe a uniform blade- 
she l l   t eqera ture  equal t o  the msxirmrm allowable f o r  the  particular  shell  
material. In t h i s  way, the amount of coolant can be he ld   t o  a minimum. 
Calculations made accordfng t o  the preceding methods for such a prescribed 
constant  wall  temperature result in  both chordwise and spanwise m i a -  

d i f f i c u l t   t o  achieve in  fabrication, compromises on shell  permeability 
may be required. 

- tions  in  required  shell  permeability.  Since ideal specifications  are 
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The use of or i f ices   for  metering  cooling air to the  blade  passages 
w l l l  pa r t i a l ly  compensate for the use of a constant chordwiae permeabil- - 
i t y ,  BO a constant chordwise permeability  has been accepted in  current 
design. Attention is therefore centered on the  type of spanwise varia- 
t i on  obtainable. The calculation methods  employed when a spaarise per- 
meability is prescribed  follow. 

Calculation of w a l l  teqerature and coollng-air flow for prescribed 
spamise  permeability. - With the spanwise variation of she l l   permeai l -  
i t y  specified,  the spamise variat ion  in  w a l l  tenperatme and the coolant 
weight  flow wr t o  each  passage may be calculated as follows : 

K) 

By noting  that 

and by using eqyation (E), equation (7) may be rewritten as 

Equation (14) must be- solved  simultaneously  with  equation (8) to   f i nd  
the  variation of pi and w/% with spanwise distance x. The boundary 
conditions are pi = pi,r at x = o and W / A ~  = wt/%,t at x =I L, 
where pi,r, wt, and +,t are known or m e  prescribed valuee, The 
variations  with x of all quant,ities i n  equations (8) and (14) are known 
except w/A, , pi,  and +. The first two of these must be found, whereae 
CK depends on the  shell  permeability and she l l  temperature. The va r i a -  
tion of shell  permeability  with x is  known, but  the  shell  temperature 
m u s t  be calculated. 

A t  each step of the numerical  simultaneous solution of equations 
(8) and (14), star t ing at x = 0 where pi = pi,r, the wall  temperature 
T, is calculated by an i terat ion scheme &s follows : For an assumed 
value of q, a value of pv is found from equation (12). Because the 

laminar  region of the blade surface the value of -f, may be found from 
equation (Z), with  the gas Reynolds  nunher Re and the  density p based 
on the assumed value  of T,. Then, by  evaluating  the r a t i o  Tg/Tw, using - 
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the assumed value of G, a value of 1 - CP is read from figure 5. Since 

N 
I 

2 

Tw - Tc 
Tg - Tc 

l-cp= , and Tc and Tg are known, a value of '& may be 

determined. If this value does not  agree w i t h  the value originally ' 

assumed in  the  determinatfon of pv from equation (E!), i terat ion i b  
required  unti l  Etgreemnt is reached. For the leading-edge  passage, the 
only  modification t o   t h i s  procedure is that the  Euler n-er  Eu fs 
set   equal   to   uni ty  and -fw is calculated f r o m  the equation 

where the Reynolds nunher R- is based on the upstream-gas velocity 
U and the leading-edge d i e t e r  D. 

- In the  turbulent-flow  region,  equation (6) may be solved for 
1 - CP t o  give 

1 

With an assumed'value of &, a value of pv is found from equation 
(12), and a value of 1 - cp is then  calculated f r o m  equation (16), 
again  basing p and p on the assumed value of T,. Ecom this value 
of 1 - q, a value of may be found, and again  iteration is required 
un t i l  this value  agrees  with  the value assumed originally. 

Since  the. boundary conditi.ons  are imposed at opposite ends of the 
cooling-air passage, a trial-md-error process is generally  nkcessary t o  
find  the simultaneous solution of equations (8) and (14) which satisfies 
the  prescribed boundary conditions  (ref. 2). This trial-and-error  pro- 
cedure confbined w i t h  the  iteration  process  necessary at each step f o r  
the  determination of the w a l l  temperature makes the n m r i c a l   s o l u t i o n  
of equations (8) and (14) cmiberscme. V only the  calculation of the 
consumption of cooling air is desired, and.= an estimate of the spap- 
w i s e  variation  in w a l l  temperature Tw can be made i n  advance, the 
variation of with x is known and equations (8) and (14) may be 
solved  without i terat ion for Tw. An addition  simplification  in  this 
case is possible if only a qualitative  estimate of the  cooling-air con- 
sumption is desired. A short-form  solution of equation (8) f o r  the 
internal.  coollng-air  pressure  pi may be  obtained by omitting all terms - except  those involving centrifugal force h e  t o  rotation (ref. 2). In 
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.. 
the case of a stator  blede, th i s  is equivalent t o  the assumption of a 
constant spanwise pressure pi.  For a radial passage (p = 0) and an 
assumed linear spanwise variation  in  cooling-air  temperature b 

(8) may be integrated  in  closed form t o  yleld (T, = Tc,r + ax), equation 

The variation of pi with 
and since the variation of 

x may then be calculated f 'rom equation (17); 
+ and pe w i t h  x are known, the  spamise rn 

3 
0) 

distribution of pv may be found .from equation (12). Then the  cooling- 
air flow wr t o   t h e  passage is found by set t ing x = 0 i n  equation (9): 

Although equation (17) is generally wed as an approxtmate solution of - 
equation (8) for  M$ lees  than 0.2 (ref. 2) ,  It is still useful f o r  
higher M, since  only a qualitative estimate of the cooling-air f low . .  

is  desired. 

The t o t a l  cooling-air flow for a cooled turbine is given by 

weo NZW r 
if  there are 1y cooled blades. The r a t i o  of the t o t a l  cooling-air flow 
wto t o  the engine  gas w e i g h t  flaw is an important quantity for evalu- 
ating the  effectiveness of a n&hod of turbine cooling. A comparison of 
this r a t i o   f o r  the ideal and the  prescribed  permeability  cases  gives a 
quantitative  picture of the potential  of transpiration  cooling  for a 
given  application and how much this potential  is compromised by fabrica- 
t ion  l imitat ions.  

Required orifice  size.  - The w e  of small orif ices  at the blade 
base for E t e r i n g  the cooling-alr flow t o  each blade passage I s  discussed 
in reference 5. Al-though this .reference.$nclvded only chordwise varia- 
t i o n s  i n  cooling-air  flow pv, coolfng-air  pressure pi, exLernal-gas 
pressure pe, and shell permeability, the mthod  presented  therein is 
used for  approximating results when there me significant spanwise vari- 
ations i n  these quantities. 

The purpose of or i f ices  at design engine operation I s  to reduce 
the constant chordwise coolant supply pressure pa at  the blade base 
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c 
t o  the required  pressure pi,r at each cooling-air passage  entrance, 
w h i l e  passing  the required coolant w e i g h t  flow wr for   the passage. 
Since the value of p  and w for  the passages may vary widely, 
a different  orifice  size will probably be required  for  each passage. 
In  reference 16, it is  shown with  experimental data that the  flow 
through small orifices -obeys the l a w s  governing flow through  nozzles. 
If the  equations for subsonic flow and c r i t i c a l  flow through flaw nozzles 
are solved for  the  nozzle flow area %, the  results  are,   in  the synfbols 

d 

i,r r 

I 

Equation  (20) is applicable for sdcr i t ica l   p ressure  drops across an 

orif ice  (A P i  r > 0.528), whereas equation (2Oa) is  for  supercritical  pres- 
pa 

sure drops (A p i  r < 0.528). The values of T and pa axe prescribed, 

and the  values of wr and piYr are knm f r o m  the  calculations of the 
pressure  distribrrtion in the inter ior  of each blade  passage. The guan- 
t i t y  B is a nozzle  coefficient WhO8e value may be estimated from ex- 
perlmental flow correlations (ref. 16).  The required orifice area A, 
for each coollng-air  passage may then be calculated f rom one of these 
equations. It is , of course , necessary that the available coolant supply 
pressure pa be greater  than  the  largest of the required  pressures 
pi,r f o r  the  coolant  passages. 

Pa - c ,r 

.Much development work remains t o  be done in  the  fabrication of 
porous materials. Bprovement and checking of theoretical  analyses must 
a l so  be completed before improved designs are t o  be obtrrineii. 

For example, the methods of references 8 and 9 for  determining  the 

use  with impermeable blades i n  a cascade. Lack of experimental  data on 
the effects of fluid injection through a porous w a l l  on main-stream  flow 
conditions  necessitated  the  use of the methods of reference 8 or 9 in 

4 chordwise variations  in gas velocity and pressure were developed for  

- 
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designing  transpiration-cooled  blades. Adequate experimental data t o  
just i fy   the use of this method for  transpiration  cooling &re needed. 

The use of  wedge solutions of boundary-layer eqmtions  in  predict- 
ing  heat  transfer (or i n  determining  the ideal required coolant  flow) 
over  the Laminas-flow portion of the blade has  not been verified  experi- 
mentally. Wedge solutions have  been  used to   p red ic t  the heat transfer 
t o  bpermeable  bodies of a rb i t rmy cross  section  within  required  engi- 
neering  accuracy. The extension of this lnethod to   t ranspirat ion cooling 
appears  reasonable,  but  eaerimental  Verification is  desirable. For the 
turbulent  part of the  blade,  the Ramie-Friedman theory (ref 6. 13 and . 
14) f o r  a permeable f lat  plate  is employed. It has long been known that 
the  effect  of a pressure  gradient on heat transfer in  the  turbulent 
boundary layer is much less than  in  the laminar region; hence, use of 
the f lat-plate  theory also appears  reasonable. A recent  experimental 
investigation (ref. 17) indicates  that  one of the assumptions made i n  
the RaMie-Friedman theory may be inaccurate. The experimental  results 
indicate  that flow through a porous w a l l  affects  velocity  distributions 
in  both  the laminar  sublayer and the  turbulent  core of the boundary 
layer. The theory used in  the  blade  desigr-aSsmed an ef fec t  on velocity 
prof i le  only  in  the laminar sublayer. Other theoretical  analyses of 
transpiration  cooling  in the turbulent-fIg-regioP l m v e .  been. macle (refs,. 
18 and 19), but  each awaits experimental  verification. As a consequence, 
the Ramie-Friedman theory  (refs. 13 and 14) has been maintained in  the 
design  procedure. The theoret ical  method fo r  determining  the  pressure 
variation  within each cooling-air passage has not, 9 yet, been checked 
experlmentslly. The flow  correlations  for porous materials have been 
verified  experimentally.  Referencea 20 and 22 present  experimentally 
determined  flow correlations  for wire cloth, and references 16 and 23, 
for  sintered  materials. 

- 

. . . . . . . - . . - 

With respec t   to  coolant-flaw,  the ideal shell fo r  a transpiration- 
cooled  strut-supported  turbine  rotor blade should  possess  both a variable 
chordwise and a variable spanwise permsabllity. The use of orif ices  fm 
metering  cooling air to the blade passages w i l l  par t ia l ly  compensate for  
the use of a constant chordwise permeability. A constant chordwise per- 
meability and the me of different-sized  orwices in the  blade  base are 
used in  cment-design m+hods; by these mans, the  variations of the 
gas pressure mound the blade  periphery may be  accounted for ,  and the 
blade-shell  fabrication problem is  considerably  simplified. 

The ideal  spanwise vm-iation in  permeability  for each  cooling-air 
passage may be determined f r o m  the methods of this report.  Since  these 
var ia t ions  differ   for   the  different  paseages a,ad these ideal permeability 
variations are d i f f i cu l t  t o  .fabricate, it may be necessary t o  determine 



c 

some compromise spanwise variation. The choice of this compromlse var i -  

The compromise is pr-ily dictated by the manufacturer's ab i l i t y  t o  
meet the  specificatfons. 

- at ion  in  spanwise permeability is  l e f t  t o  the discretion of the  designer. 

In  order to compensate f o r  unknawn vibratory and thermal stresses, 
fabrication  flaws, and the  effects of braze attack, use is made of a 
safety  factor  (stress-ratio  factor)  in the design of the  load-carrying 
strut. w 

0 
co 
cn 

Lewis Flight  Propulsion  hboratory 
National Advisary Committee f o r  Aeronautics 

Cleveland, Ohio, October 26, 1955 
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APPEMDM - SYMBOLS 
The  following synibols are  used  in  this  report: 

cross-sectional  area, sq ft 

coefficient  in  linear  spanwise  varlation  of  cooling-&  temper- 
ature, T, = TCtr + 8~ 

orifice flow coefficient 

chordwise  peripheral  width of coolant  passage,  ft 

quantity  containing  permeability  coefficient,  eq. (E), 

" " 

ll~(ft~)~/(sec) (sq ft) (lb2In 

leading-edge  diameter, ft 

coolant-passage  hydraulic  diameter,  ft 

Ebler number of gas flow over  blade - - ' W dy Y a w  

frlction  factor 

coolant-flow  paremeter  for lamimr-flow region,  eq. (2) 

acceleration h e  to gravity, ft/sec2 

permeability  coefficient, sq ft . .  

coolant-passage  length  (see  fig. 4), ft 

cooling-air-flow  Mach  nmiber 

number of coolea  turbine blades 

eqonent, eq. (12) 

Prandtl number 

static  pressure, B/sq f't 

gas constant, ft-lb/(lb) (?I?) 

gas Reynolds znunber, pl?y/p 

.. . . 

" . 
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c 

ReD - 
r 

T 

U 

V 

W 

W 

X - 
X - 
Y 

B 
r 
r 
P 

2 

cp 

II) 

gas Reynolds m e r  at blade leading edge, @JD/p 

radius, ft 

temperature, OR 

gas approach velocity upstzeam of blade leadlng edge, f't/sec 

coaling-air  velocity through porous wall {based on t o t a l  
porous-surface area), ft/sec 

gas velocity relative t o  blade, ft/sec 

w e i g h t  flaw of cooling &r, lb/sec 

specified spsnwise position on blade, f t  

spanwise distance from blade base  (see fig. 4), f t  

peripheral  distance f r o m  bl&e  leading edge (see f ig .  4), f t  

angle between.velocity  vector and direction of increasing  radius 

metal  density, lb/cu f t  

r a t i o  of specific  heats 

absolute viscosity (based on porous-wall temperature), lb/(f t )  (sec) 

density (based on porous-wall temperature), lb/cu f t  

centrifugal stress, lb/sq f t  

porous blade-shell  thiclmess, f t  

tempera+xre-difference ratio, Tg - G/Tg - Tc 
a n g u M  velocity,  sec-1 

Subscripts: 

a cooling-air supply at blade base 

* C cooling air o r  cooling-air passage 

cr critical 
.I 
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e 

Q 

i 

le 

n 

r 

sh 

sl 

st 

t 

to 

X 

W 

external gas flow 

effective gas temgerature 

internal  coolant flow 

leading  edge 

orif  ice 

coolant  -passage  entrance  (blade  root ) 

shell 

mAcA sea-level  standard conditions 

strut 

coolant-passage  tip 

total 

specified  spanwise  position on blade, ft 

porous w a l l  
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Figure 1. - Wanaplration-aooled Etmt-EUppOrted turbine  rotor  blade. (Arrow indioate  direation of cooling-air flon.) E 
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Peripheral chordwise position,  percent 

(a)  as pressure. 

Figure 3. - TypLcal chordwise variations. 
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Peripheral chordwiee position, percent 

(b) Gas velocity  relative to blade. 

Figure 3. - Concluded. Typical chordwise variations. 

c 
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Figure 4. - Coordinate system used in transpiration- 
cooled blade-design  procedure. 
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